Migraine without aura is the most common form of migraine, characterized by recurrent disabling headache and associated autonomic symptoms. To identify common genetic variants associated with this migraine type, we analyzed genome-wide association data of 2,326 clinic-based German and Dutch individuals with migraine without aura and 4,580 populationmatched controls. We selected SNPs from 12 loci with 2 or more SNPs associated with P values of <1 × 10 −5 for replication testing in 2,508 individuals with migraine without aura and 2,652 controls. SNPs at two of these loci showed convincing replication: at 1q22 (in MEF2D; replication P = 4.9 × 10 −4 ; combined P = 7.06 × 10 −11 ) and at 3p24 (near TGFBR2; replication P = 1.0 × 10 −4 ; combined P = 1.17 × 10 −9 ). In addition, SNPs at the PHACTR1 and ASTN2 loci showed suggestive evidence of replication (P = 0.01; combined P = 3.20 × 10 −8 and P = 0.02; combined P = 3.86 × 10 −8 , respectively). We also replicated associations at two previously reported migraine loci in or near TRPM8 and LRP1. This study identifies the first susceptibility loci for migraine without aura, thereby expanding our knowledge of this debilitating neurological disorder.
Migraine is a disabling episodic neurovascular brain disorder affecting 12% of the general population [1] [2] [3] [4] . Migraine attacks are typically characterized by severe, throbbing unilateral headache and nausea, vomiting and photo-and phonophobia (migraine without aura). In up to one-third of affected individuals, attacks may be associated with neurological aura symptoms (migraine with aura). Previous genomewide association studies (GWAS) identified a migraine susceptibility locus on chromosome 8q22, close to MTDH, in the clinic-based International Headache Genetics Consortium (IHGC) migraine with aura study 5 and at three other loci in or near PRDM16, LRP1 and TRPM8 in the population-based Women's Genome Health Study (WGHS) of migraine 6 . Suggestive evidence for association was also found for TRPM8 (P < 1 × 10 −5 ) in the clinic-based IHGC migraine with aura GWAS 5 . Here, we report the first GWAS of migraine without aura, the most common form of migraine. We analyzed two large samples from headache centers in Germany and The Netherlands, including 2,326 individuals with migraine without aura and 4,580 population-matched controls ( Supplementary Fig. 1 and Supplementary Note). A quantile-quantile plot of the joint analysis ( Supplementary Fig. 2 ) and an overall genomic inflation factor (λ 1,000 ) of 1.03 were used as final quality control measures. In the discovery data set, we identified 1 locus associated at genomewide significance (P < 5 × 10 −8 ) on chromosome 1q22, as well as 11 additional loci containing multiple SNPs with suggestive evidence for association (P < 1 × 10 −5 ) (Supplementary Table 1 ). Eighteen SNPs from these 12 loci were taken forward to the replication stage in 4 independent clinic-based European migraine without aura samples (2,508 cases and 2,652 controls) ( Supplementary Fig. 1 and Supplementary Table 1) . Eight SNPs in six loci showed P values of <0.05 in the replication study, and five of these SNPs also showed P values of <5 × 10 −8 in the meta-analysis combining the discovery and replication cohorts (Fig. 1, Table 1 and Supplementary Fig. 3 ). Associations were replicated for four loci (at 1q22, 3p24, 6p24 and 9q33), although replication was less convincing for the loci at 6p24 and 9q33, with replication P values of 0.012 and 0.018, respectively, even though association P values for these loci were <5 × 10 −8 in the overall meta-analysis. In addition, we tested top SNPs of the four previously identified migraine-associated loci (at 1p36, 2q37, 8q22 and 12q13) 5, 6 in the replication stage ( Fig. 2 and Supplementary Table 1 ), Genome-wide association analysis identifies susceptibility loci for migraine without aura l e t t e r s hyperexcitable 11 , it is tempting to speculate that MEF2D dysregulation might affect neuronal excitatory neurotransmission in individuals with migraine without aura. There is some evidence for increased levels of glutamate (the main brain excitatory neurotransmitter) in individuals with migraine 12, 13 , and increased glutamatergic neurotransmission was reported in a transgenic knock-in mouse model with a pathogenic mutation in the human CACNA1A gene associated with hemiplegic migraine 14 . A role for MEF2D dysregulation in migraine is also plausible given that several MEF2 transcriptional targets have been associated with other neurological disorders, such as epilepsy [15] [16] [17] . Notably, pituitary adenylate cyclase-activating polypeptide-38 (PACAP-38), which is encoded by one of the of which the associations at 2q37 and 12q13 were convincingly replicated. Because migraine is more prevalent in women, we performed gender interaction analysis for the reported SNPs (Supplementary Table 2 ). No significant interactions were observed, and all SNPs had relatively similar odds ratios (ORs) in both genders. To further extend our analyses, we searched for expression quantitative trait loci (eQTLs) that mapped to the associated SNPs in available data sets of tissues and cell lines 7, 8 , but we did not observe consistently significant eQTLs for any of the SNPs shown in Table 1 . The locus at 1q22 contained six SNPs that were associated with genome-wide significance (P < 5 × 10 −8 ) in the discovery stage of the analysis and that were all in close linkage disequilibrium (LD; r 2 > 0.98). The rs1050316 and rs3790455 SNPs were taken forward to the replication stage, and associations were successfully replicated (overall meta-analysis P values of 3.21 × 10 −10 (OR = 1.19) and 7.06 × 10 −11 (OR = 1.20), respectively) ( Fig. 1, Table 1 and Supplementary Fig. 3 ). All associated SNPs were located within the MEF2D gene (encoding myocyte enhancer factor 2D) (intronic and within the 3′ UTR). The MEF2D protein is a transcription factor that is highly expressed in brain. MEF2D regulates neuronal differentiation by supporting the survival of newly formed neurons 9 . Perhaps even more relevant to migraine, neuronal activity-dependent activation of MEF2D restricts the number of excitatory synapses 10 . As the brain in migraine is l e t t e r s For intragenic SNPs, the gene is listed in which the SNP is located, whereas, for intergenic SNPs, the nearest gene is listed. c
Indicates whether a SNP was genotyped or imputed.
npg l e t t e r s activity-regulated MEF2D target genes and modulates excitatory synaptic transmission, may trigger migraine-like attacks in persons with migraine without aura 18 . In mice, PACAP-38 is involved in nitroglycerol-induced trigeminovascular activation 19 , which is the presumed origin of the migraine headache 20 . The locus at 3p24 contained the top SNP rs7640543 (discovery P = 2.72 × 10 −6 , OR = 1.20). This SNP showed strong replication of association (P = 1.02 × 10 −4 ) and reached genome-wide significance in the metaanalysis of the discovery and replication samples (P = 1.17 × 10 −9 , OR = 1.19) (Fig. 1, Table 1 and Supplementary Fig. 3 ). rs7640543 is located ~200 kb upstream of TGFBR2 (encoding transforming growth factor β receptor 2). The encoded serine-threonine kinase is involved in the regulation of cell proliferation and differentiation, as well as in extracellular matrix production 21 . TGFBR2 is an attractive candidate gene for migraine, as the missense mutation in TGFBR2 leading to a p.Arg460His substitution not only caused seemingly monogenic, familial aortic dissection but also caused migrainous headaches in 11 of 14 mutation carriers in a large multigenerational family 22 . This may fit with the observation that migraineurs seemed to have a twofold increased risk for cervical artery dissection 23 .
For the locus at 6p24, the rs9349379 SNP reached genome-wide significance when combining the data from the discovery and replication samples (P = 3.20 × 10 −8 , OR = 0.86) (Fig. 1, Table 1 and Supplementary Fig. 3 ). Five SNPs (with association at P < 1 × 10 −5 ) were taken forward to the replication stage (Supplementary Table 1 ). All five SNPs were located in PHACTR1 (encoding phosphatase and actin regulator 1). The encoded protein is a member of the PHACTR/scapinin family, which controls synaptic activity and synapse morphology through regulation of protein phosphatase 1 and actin binding 24, 25 . PHACTR1 has further been implicated in endothelial cell function 26 and susceptibility to early-onset myocardial infarction 27 . Thus, the link between PHACTR1 and migraine could be neuronal, through aberrant synaptic transmission, or vascular, as endothelial dysfunction, cardiovascular disease and myocardial infarction all seemed to be linked with migraine 28 . Like TGFBR2, PHACTR1 may also be involved in systemic vascular disease through a TGF-β signaling pathway.
The locus at 9p33 with the top SNP rs6478241 reached genomewide significance in the meta-analysis of the discovery and replication samples, although there was heterogeneity (I 2 = 0.57) in the replication samples (P = 3.86 × 10 −8 , OR = 1.16) (Fig. 1, Table 1 and Supplementary Fig. 3 ). In one of the four replication cohorts, the effect direction was opposite to those observed in the discovery sample and the other replication samples. This locus should be considered tentatively, and further studies are needed to confirm its relevance to migraine. rs6478241 is located in ASTN2, a member of the astrotactin gene family, which has a role in the glial-guided migration that seems important for development of the laminar architecture of cortical regions in the brain 29 . Although structural abnormalities in migraineurs have been reported in the somatosensory cortex 30 and the cerebellum 31 , they more likely reflect degenerative processes related to severe migraine attacks than developmental problems. Therefore, it remains unclear at present how ASTN2 could have a role in migraine pathophysiology.
In addition, two of the four previously reported migraine loci 5, 6 showed significant association in the current clinic-based migraine without aura GWAS. Two top SNPs (r 2 = 0.52) in the migraineassociated locus at 2q37 reached genome-wide significance in the overall migraine without aura meta-analysis (rs10166942: P = 9.83 × 10 −13 , OR = 0.78; rs17862920: P = 5.97 × 10 −9 , OR = 0.77) (Fig. 2,  Table 1 and Supplementary Fig. 3) . The rs10166942 SNP is located approximately 1 kb upstream of the predicted transcriptional start site of TRPM8 (encoding transient receptor potential melastatin 8), whereas rs17862920 is located in the first intron of TRPM8. TRPM8 encodes a cold-and menthol-activated ion channel that is expressed in sensory neurons. The gene was identified as a migraine susceptibility gene, both in the population-based WGHS migraine GWAS 6 and in the clinic-based IHGC migraine with aura GWAS 5 . The effect direction of these SNPs was the same in all three studies, and the effect size estimates were similar (OR = 0.78 in the clinic-based IHGC migraine with aura study for rs17862920 versus 0.77 in the present study; OR = 0.85 in the population-based WGHS migraine study for rs10166942 versus 0.78 in the present study). TRPM8 could be involved in cutaneous allodynia [32] [33] [34] , which is defined as pain due to thermal or mechanical stimuli that normally do not provoke pain, and is present in the majority of individuals with migraine. Figure 2 Regional and forest plots for the previously reported loci associated with migraine that replicate in the current migraine without aura study. (a,b) Regional association plots (generated using LocusZoom) are shown for the two previously reported migraine loci 6 that significantly replicated in the current study together with forest plots for the SNP with the highest association at these loci; results are shown for rs10166942 (TRPM8) (a) and rs11172113 (LRP1) (b npg l e t t e r s
The top SNP at the previously reported migraine-associated locus at 12q13 (ref. 6) reached genome-wide significance in the overall migraine without aura meta-analysis (rs11172113: overall P = 2.97 × 10 −8 , OR = 0.86) (Fig. 2, Table 1 and Supplementary Fig. 3 ). rs11172113 is located within the first intron of LRP1, which encodes the low-density lipoprotein receptor-related protein 1, a protein that is expressed in multiple tissues, including neurons and vasculature. LRP1 is a cell surface receptor that acts as a sensor of the extracellular environment: it is involved in the proliferation of vascular smooth muscle cells and modulates synaptic transmission 35, 36 . A possible role for LRP1 in migraine can be envisaged because of its neuronal and/or vascular function.
Addressing the question of whether migraine with aura and migraine without aura represent different disease entities 37, 38 , we tested the top SNPs from the six loci from the current migraine without aura study in silico in our previous IHGC migraine with aura GWAS data set 5 (Supplementary Table 3) . Except for the locus at 3p24, all loci showed P values below 0.05 in the migraine with aura data set, and ORs were in the same direction in both studies. The TRPM8 locus showed the most significant P value for association (rs1786920: 2.19 × 10 −5 , OR = 0.78; rs10166942: 1.32 × 10 −5 , OR = 0.82) in the migraine with aura data set. Notably, rs10166942 also showed association in the WGHS migraine study (P = 2.30 × 10 −7 , OR = 0.86 in the initial scan) 6 . This suggests that TRPM8 may have a role in various forms of migraine. In contrast, the rs1835740 SNP at 8q22 in the IHGC migraine with aura GWAS 5 pointing at MTDH as the putative migraine susceptibility gene 5 did not show association in the present GWAS (P = 0.70) nor in the population-based WGHS migraine GWAS 6 (P = 0.22). This may suggest that MTDH confers more susceptibility to aura than to headache.
In conclusion, we present the first GWAS of migraine without aura, the most common migraine type, and identify several associated loci. Two loci (MEF2D and TGFBR2) showed convincing association in the replication stage and genome-wide significance levels in the combined meta-analysis. Replication for the PHACTR1 and ASTN2 loci was weaker, and additional studies are needed to test their relevance as migraine susceptibility loci. In addition, two of the four previously identified loci associated with migraine (TRPM8 and LRP1) were replicated in this clinic-based migraine without aura study. Functional studies are necessary to dissect the exact underlying molecular pathways in order to identify putative treatment targets for this common debilitating brain disorder.
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